We study the standard model (SM) in its full perturbative validity range between ΛQCD and the U (1)Y Landau pole, assuming that a yet unknown gravitational theory in the UV does not introduce additional particle thresholds, as suggested by the tiny cosmological constant and the absence of new stabilising physics at the EW scale. We find that, due to dimensional transmutation, the SM Higgs potential has a global minimum at 10 26 GeV, invalidating the SM as a phenomenologically acceptable model in this energy range. We show that extending the classically scale invariant SM with one complex singlet scalar S allows us to: (i) stabilise the SM Higgs potential; (ii) induce a scale in the singlet sector via dimensional transmutation that generates the negative SM Higgs mass term via the Higgs portal; (iii) provide a stable CP-odd singlet as the thermal relic dark matter due to CP-conservation of the scalar potential; (iv) provide a degree of freedom that can act as an inflaton in the form of the CP-even singlet. The logarithmic behaviour of dimensional transmutation allows one to accommodate the large hierarchy between the electroweak scale and the Landau pole, while understanding the latter requires a new non-perturbative view on the SM.
I. INTRODUCTION
The discovery [1, 2] of a Higgs boson [3] [4] [5] [6] at the LHC completes the experimental verification of the standard model (SM) as formulated in 1968 by Weinberg, Glashow and Salam [7] [8] [9] . 1 This theory has passed all experimental tests during the last 40 years, leaving us without any direct evidence for new physics beyond the SM. Indeed, all precision data, the extensive flavour physics programs at K-and B-factories and at the LHC experiments, and direct searches at LEP, the Tevatron and the LHC indicate that there are no new particles at the electroweak (EW) scale. The only possible exception is the cosmological evidence for cold dark matter (DM) [11] , which likely has a particle physics origin but whose existence is known today only because of its gravitational interactions.
The fact that the only available "new physics" is the SM Higgs boson strongly motivates studies of its implications for our understanding of the fundamental laws of Nature. The first set of questions to address is the phenomenological consistency of the SM itself. Fortunately, the measured Higgs boson mass of 125 GeV turned out to be below the SM vacuum stability bound, offering some handle to study SM inconsistencies. The second set of questions to address is what the SM inconsistencies imply for new physics, and how to improve/extend the SM. The aim of this paper is to address both sets of questions and to formulate possible answers that can be tested in fu-ture experiments. Our attempt has a similar motivation as the previous attempt [12] to formulate the new SM. We show that our present knowledge about Higgs boson properties allows us to explain EW symmetry breaking (EWSB), DM and inflation with minimal additional degrees of freedom, with one complex scalar singlet, and with non-trivial dynamics of the model.
We would like to emphasise that in the present stage it is too early to draw any definite conclusions about the presence or absence of new physics at the TeV scale. The LHC results from the 7-8 TeV runs gave us the Higgs and nothing else. The 14 TeV runs of the LHC may well discover a plethora of new particles. Obviously, our interpretation of physics must follow those experimental results. Therefore, popular scenarios of new physics like TeV scale supersymmetry or strong dynamics may well be realised in Nature. However, we feel that it is also worthwhile and necessary to study different approaches to addressing the SM problems. Recently it has been re-emphasised by several groups [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] that the physical naturalness argument [30] , motivated by the apparent absence of particle threshold corrections to the cosmological constant and to the mass of the Higgs boson, allows several possibilities of formulating new physics scenarios. In this work we start with the SM and use the principle of minimality to formulate a logically consistent view on the SM and on its potential extensions. Our approach should therefore be regarded as one logical possibility that is subject to experimental verification in the future. In particular, we consider the possibility that no particle thresholds above the SM exist, and that gravity remains weakly coupled even for energies above the Planck scale, without significantly affecting the SM predictions. Based on these assumptions, we study the validity of the SM up to energies close to Landau pole. We will show that if this is really the case, a new vacuum instability in the Higgs potential arises, invalidating the SM theory. We will analyse a minimal extension of the SM needed to solve this problem, which consists in introducing a new complex singlet scalar field coupled to the Higgs sector. We will show that this singlet could also provide a natural DM candidate for the SM which is in well agreement with present DM measurements.
The work plan and the main results of this paper are the following. In the next section (II) we study the running of the SM parameters in the full perturbative validity range of the SM, and show how different new physics scenarios affect our understanding of the SM properties. In section III we assume that no high-scale particle physics thresholds exist, as suggested by present data, and show that the SM Higgs potential leads to a phenomenologically unacceptable model due to dimensional transmutation. This is a more serious problem than the metastability of the real physical vacuum, and strongly suggests that the SM must be extended in the scalar sector. In section IV we show that by introducing a complex singlet scalar field we can understand why the universe exists in the correct vacuum state, and how the TeV scale is generated due to dimensional transmutation. In section V we compute the DM abundance in our model, and show that the correct relic density can be achieved for the stable CP-odd scalar DM candidate. In section VI we briefly discuss how cosmic inflation can be incorporated in this model, and we conclude in section VII.
II. THE VALIDITY OF THE SM
Assuming the SM particle content and gauge symmetries, the SM as a gauge theory is technically well defined between the scale where QCD becomes strong (Λ QCD ), approximately 1 GeV, and the Landau pole of the U (1) Y interaction, as depicted in Fig. 1 . Below Λ QCD , nature is best described by composite degrees of freedom, the mesons and nucleons. It is not known what happens at the U (1) Y Landau pole, but clearly the results of perturbation theory can no longer be trusted in the region where the U (1) Y coupling strength becomes strong. It is possible that a theory describing physics above the Landau pole would contain new degrees of freedom, and that some of the degrees of freedom of the low-energy theory are no longer useful. Alternatively, it is possible that the degrees of freedom above the Landau pole remain the same but their dynamics must be described non-perturbatively. In this work we accept an assumption that the existence of the Landau pole does not invalidate the SM.
The discovery of the Higgs boson fixes all the SM parameters from experimental measurements. The SM renormalisation group equations (RGEs) are known up to 3 loops for gauge [31] [32] [33] [34] [35] (partially at 4-loop level for g 3 [36, 37] ), Yukawa couplings [38, 39] , and the Higgs quartic coupling [40] [41] [42] . The latter computation reduces the uncertainties related to the Higgs quartic coupling so that the biggest uncertainty in the SM RGEs is coming from the experimental determination of the top Yukawa couplings [42, 43] . In Fig. 1 we plot the running of top Yukawa coupling y t and the SM gauge couplings g 1 , g 2 , g 3 using two loop RGEs of the SM, and the Higgs boson quartic coupling λ H at 1-loop order. The vertical gray line shows the Planck scale. It is astonishing that the measured SM Higgs boson mass and the other SM parameters are such that the SM Higgs potential remains perturbative in the full validity range of the SM gauge sector. While the gauge and Yukawa couplings run significantly in this energy range of 40 orders of magnitude, the structure of the SM RGEs is such that the Higgs quartic coupling is rather insensitive to the energy scale except close to Λ QCD and close to the UV pole. At low energies the running of λ H is entirely dominated by the running of y t which, in turn, is dominated by the running of α s . At high energies the running of λ H is dominated by the large value of g 1 . In between, during some 25 orders of magnitude, the value of λ H is rather insensitive to the running of the other SM parameters, since the gauge and top Yukawa contributions have opposite signs and cancel each other almost completely. The measured Higgs boson mass implies that λ H runs to negative values an the intermediate scales around 10 8 GeV, destabilising the vacuum. The most complete studies show that we live in the metastable vacuum very close to the critical line of vacuum decay [42] [43] [44] .
The negative SM Higgs mass parameter −µ 2 should be fixed from experimental data. Its RGEs are proportional to itself, and it remains essentially constant in the full SM validity range. Due to the insensitivity to the renormalisation scale, we do not plot its behaviour here. Fig. 1 is technically correct for the SM in isolation. Whether it is phenomenologically meaningful or not, and its potential implications, depend entirely on which new physics completes the SM. Let us discuss the most popular scenarios going from low to high energies.
A. Strongly Interacting EWSB Scenarios
Motivated by the analogy with chiral symmetry breaking in QCD, different strongly interacting EWSB scenarios have been proposed in the past. Generically, all of them predict new resonances that, to explain the Higgs mass naturally, should be close to the TeV scale. Precision data and the LHC do not support those models, although the possibility exists that they still may be realised in Nature. Due to rather restrictive experimental constraints, it has been proposed [13, 45] that new strong dynamics generates the TeV scale in a dark sector that is a singlet under the SM gauge group, and EWSB is then induced via a Higgs portal coupling. If Nature has chosen the strong dynamics path, Fig. 1 should be terminated at Λ ∼ O(1) TeV where the new unknown UV theory takes over.
B. Grand Unification and Supersymmetry
Grand Unification (GUT) is perhaps the most popular new physics paradigm. It predicts a plethora of new gauge and Higgs bosons in the energy range where the SM gauge couplings are supposed to unify to one large gauge group, presumably around Λ ∼ 10
16 GeV (see Fig. 1 ). The new interactions at this scale necessarily violate baryon number, which implies proton decay through a scale-suppressed operator. Since the GUT scale particles should induce a GUT-scale SM Higgs mass at one loop, physical naturalness requires the existence of new stabilising particles at or below the TeV scale, such as the supersymmetric partners of the SM particles.
Although it is too early to draw definitive conclusions, negative searches for EW scale stabilising physics such as SUSY at the LHC and absence of any deviation from the SM in flavour observables and in precision data challenge this paradigm. Should, nevertheless, GUTs exist, Fig. 1 would be terminated at Λ ∼ O (10 16 ) GeV where the new GUT theory should take over. In this case the SM EWSB scale must be explained by fine tuning, perhaps because of anthropic selection.
C. Gravity
Discussing how gravity affects particle physics observables is rigorously impossible for a trivial reason-no consistent and proven UV theory of gravity exists. While there are good reasons to believe that classical general relativity should be completed by some UV theory, the Weinberg-Witten theorem [46] strongly suggests that this theory of gravity cannot be described by a renormalisable Lorentz invariant quantum field theory (QFT) since massless spin two particles cannot exist in those theories. Nevertheless, the Planck scale is conventionally regarded as the scale where gravity becomes strong, depicted with a grey vertical line in Fig. 1 .
There is no theoretically or experimentally supported argument that the Planck scale should be associated with the threshold of new gravitational particles. On the contrary, the smallness of the measured cosmological constant proves that there are no tadpole contributions to the cosmological constant from any of the known particle physics thresholds nor from hypothetical heavy new particles at the Planck scale. Therefore it is both theoretically and phenomenologically most plausible that the UV theory of gravity is very different from the known QFTs that we use to describe the SM.
Examples of this kind of theories exist. Very recently, as a proof of concept in 2D, a new class of gravity theories was constructed [47] which cannot be described with a local Lagrangian in the UV. In those theories no new particles can be associated with the scale where the classical theory is superseded, in agreement with the absence of their contributions to the cosmological constant. Alternatively, the idea of asymptotic safety can be employed to construct theories of gravity that interacts sufficiently weakly with particle physics [48] [49] [50] [51] [52] .
Here we do not want to prefer one approach to the theory of gravity to another. Among the two logical possibilities, that the UV theory of gravity possesses a high threshold interacting strongly with the SM or that the UV theory of gravity does not possess thresholds nor interact with the SM strongly, we adopt the second option and assume that gravity does not significantly affect the SM predictions above the Planck scale. If this assumption turns out to be wrong, all of our model building results in this work remain correct, but the running in Fig. 1 must be terminated at M Planck affecting our motivation.
III. PHENOMENOLOGICAL INCONSISTENCIES OF THE SM ALONE
We assume here, as a theoretical possibility, that there are no new heavy particle thresholds above the EW scale. Moreover, we require that the SM alone is valid up to the high energy scale where the Landau pole associated to the U (1) Y gauge coupling appears. Under these hypotheses we are going to check if the SM Higgs potential generates a global minimum above the EW scale. We will see that this will be case for energies above the Planck scale, but below the U (1) Y Landau pole. Then, we will explore the possibility to complete the SM in order to remove this unwanted minimum by the most simple generalization of the model.
The first obvious task is to study the full SM Higgs effective potential, plotted in Fig. 2 . There is a global minimum of the potential in the vicinity of the scale ∼ 10
26 GeV where the Higgs quartic coupling λ H runs negative. This is a typical example of dimensional transmutation and is exactly what is expected for λ H to occur if its RGEs are dominated by bosonic degrees of freedom (the Higgs itself and the gauge bosons) that run λ H only 
The Higgs mass parameter is approximated as a constant and the running quartic coupling is evaluated at 1-loop level, where the scale is set by the field strength h. The global minimum at ∼ 10 26 GeV is generated by λH running positive (from low to high energy) at this scale. The local minimum at the electroweak scale is caused by the negative Higgs mass parameter.
toward negative values (from high to low scale). However, the SM contains also the top quark with its large Yukawa coupling to the Higgs boson. As explained in the last section, at low energies near the EW scale the top Yukawa becomes large and starts dominating the λ H running, pushing it back to positive values. In the SM the second local minimum at low energies is obtained by adding an explicit negative Higgs mass term −µ 2 to the Lagrangian. All experiments show that we live in the low energy local minimum.
This behaviour raises three questions. The first is: What is the lifetime of our metastable vacuum? The answer to this question is already given [43] . The lifetime exceeds the age of the Universe and, therefore, does not disprove the SM as a valid phenomenological theory. However, we live dangerously close to the critical line of vacuum decay.
The second question is: What is the mechanism choosing the SM to live in the low energy local minimum instead of the global one? This is a much more serious question than the previous one. According to our scenario the SM is understood as a low energy theory that is valid below the U (1) Y Landau pole at 10 40 GeV. The effective potential of the Higgs is generated by dimensional transmutation below the scale where the perturbative SM is definitely valid. Thus the SM vacuum should choose to live in the global minimum, and the vacuum expectation value (VEV) of the Higgs boson should naturally be ∼ 10
26 GeV. This is not phenomenologically acceptable. Therefore the SM alone is not a phenomenologically acceptable theory. This is a non-trivial result obtained only if the full SM validity range is considered. If one terminates studies of the SM Higgs potential at the GUT or Planck scale, this result cannot be obtained.
The third question is what is the origin of the explicit
Higgs mass term −µ 2 and why it is so much smaller than any natural scale of the theory? This question can be generalised to asking whether dimensionful operators are allowed at all in the fundamental Lagrangians of physical QFTs. This question is also addressing the origin of the Higgs mass hierarchy problem. It is suggested in [13] that the most economical way to answer those questions is to impose classical scale invariance as a fundamental symmetry of the Lagrangian. This automatically guarantees the renormalizability of the theory since all higher order operators are forbidden in the Lagrangian. Consequently, all irrelevant operators must be generated by some physical scale in the theory. This also forbids all relevant operators in the Lagrangian. In the SM there is just one such operator, the Higgs mass term µ 2 |H| 2 . Consequently, all relevant operators and all mass scales in the theory must be generated via dimensional transmutations. Since the latter depend logarithmically on the energy scale, the existence of large hierarchies can be addressed in QFTs. Together those ingredients can be used to explain the puzzling features of the SM. For previous work on generating the EW scale via dimensional transmutation in classically scale invariant extensions of the SM see [16, 20, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] , and references therein.
IV. COMPLETING THE SM WITH A COMPLEX SCALAR SINGLET
We showed in the last section that the SM scalar sector, as it stands today, is phenomenologically unacceptable. The important point is that this result tells us that the SM must be improved in the Higgs sector and it also tells us how to improve it. The physically unacceptable global minimum in the effective potential of the Higgs in Fig. 2 must be removed together with the explicit Higgs mass term at low energy. The EWSB breaking scale must be obtained via dimensional transmutation from the UV Landau pole, which allows us to address the hierarchies of the SM. If this procedure induces also the correct amount of DM our goals are achieved and the SM is completed.
A. SM-like EWSB via Dimensional Transmutation
Those tasks can all be achieved by extending the SM particle content with one complex scalar singlet field S. We assume that the theory is classically scale invariant, allowing us to generate the phenomenologically observed scales with dimensional transmutation. In our framework this implies that the scalars of the improved SM, the Higgs doublet H and the singlet S, must be exactly massless at tree level. As we will show, the DM is stable due to CP conservation of the scalar potential.
As we saw in the previous section, the SM Higgs develops a VEV of the order of ∼ 10 26 GeV via dimensional transmutation. This happens because the Higgs self coupling λ H becomes negative at that scale, when running from the UV towards IR. This destabilises the tree level potential and therefore generates a minimum in the effective potential around the scale where the coupling crosses zero. However, if λ H were to cross zero around the TeV scale instead of the high scale at 10 26 GeV, the EW symmetry breaking VEV could be generated in this manner. Since this can not be achieved with the SM couplings, the simplest solution is to add a singlet scalar S, and fix the couplings of S so that its self coupling λ S crosses zero at a suitable scale, generating a VEV for S. This VEV can then be mediated to the SM Higgs via the portal coupling
If the sign of the portal coupling is negative, the Higgs gets a negative mass term from the VEV of S and breaks the electroweak symmetry as in the SM.
The portal term (1) also affects the value of the Higgs boson quartic coupling λ H . There are two known effects. First, the running of λ H is modified by additional bosonic contributions to the RGEs so that it may never cross zero [66] , and may stay positive in the whole range between Λ QCD and the U (1) Y Landau pole Λ UV . Then the global minimum around 10
26 GeV would not exist and the EW symmetry breaking vacuum could be naturally understood as the dynamically generated global minimum of the effective potential. The second effect is a positive contribution to λ H by integrating out a scalar with a VEV [67, 68] . We show in this work that the latter is numerically negligible and only the first mechanism can be used to save the vacuum.
However, for the portal term to have a large enough effect on the running of λ H to keep it positive in the whole perturbative range of the SM, the portal coupling λ SH has to be large, and this will induce a large mixing between the singlet S and the Higgs, implying large deviations from the SM values for the Higgs couplings. Thus this scenario is heavily constrained by the LHC data. As we will show below, this problem can be solved by making the singlet S a complex field with explicitly broken global U (1) symmetry. Then there are two new degrees of freedom, the real and imaginary parts of the field, s R and s I , and several couplings between these fields and the Higgs that can be used to remove the minimum at 10
26 GeV while keeping the mixing effects small. Additionally, due to a residual Z 2 symmetry, the imaginary part s I will be stable and can be interpreted as the DM particle. For another study of a complex singlet scalar with a different motivation see [69] .
B. The Effective Scalar Potential
The most general scalar potential invariant under the SM gauge group and the CP transformation 3 H → H † , S → S † , and scale invariant at tree level is
The same model has been studied with different motivation in [70] [71] [72] .
Of course one can also write further terms involving the combination S + S † , but they can be absorbed into a redefinition of parameters. It is convenient to rewrite the scalar potential in terms of the physical fields,
where φ is the physical Higgs field, s R and s I are the real and imaginary parts of the singlet S, and
The one-loop renormalization group equations of the scalar couplings are
We will now see how the vacuum expectation value for s R is generated via dimensional transmutation and how it is transmitted to the SM. As in [16] , the one-loop potential can be approximated just by using a running λ R in the tree-level potential. We can approximate λ R by
where β λ R is the (always positive) beta function of λ R , and s 0 is the scale at which λ R becomes negative. The real part of s, s R and the Higgs scalar get VEVs
where v is the SM Higgs VEV and λ RH < 0. In the basis (φ, s R ) the square mass matrix for CP-even fields is given by
In case of small mixing (small λ RH ) we obtain the following eigenvalues
while the CP-odd scalar mass is given by
Eqs. (18) and (19) are valid only if
If this is not true, the proper approximation is
which usually means that the real singlet s R is lighter than the Higgs boson. The CP-even singlet s R decays to SM particles via the mixing with the Higgs boson, but the CP-odd component of the complex singlet turns out to be stable due to CP conservation, and will play the role of the DM candidate in the present SM extension. The branching ratios of the kinematically allowed decay channels of the singlet with a given mass are the same as for a SM Higgs with the same mass, and the production cross section is given by the SM Higgs production cross section multiplied by sin 2 θ SH , where θ SH is the mixing angle between the singlet and the Higgs, obtained by diagonalising the mass matrix (17) . In the case of light s R the most constraining experimental limits are from LEP [73, 74] . In the whole range below 114 GeV the upper limit for the production cross section is above 10 −2 times the SM Higgs value, implying that a mixing below sin θ SH < 0.1 is allowed everywhere. If the singlet mass is above the LEP reach, the constraints are from the LHC, implying sin 2 θ SH 0.1 for m s 500 GeV [75] . Indirect constraints on Higgs mixing from global fits of all LHC and Tevatron data imply less stringent constraints [76] [77] [78] . In this work we will consider the limit of small mixing.
Let us now discuss the roles of the various couplings of the scalar sector in removing the global minimum of the SM Higgs potential and generating the EW symmetry breaking minimum. As described above, we start by looking at the running of λ R . We set λ R to a small negative value at the EW scale. Since the beta-function (10) is always positive, λ R will grow when running towards higher energy and will cross zero at some scale s 0 above the EW scale. This scale is set by the initial value of λ R at the EW scale and by the slope of the running set by the beta-function. Since λ R itself has to be small near the scale s 0 , and since λ RH is required to be small in order to keep the mixing between s R and the Higgs small, the beta-function (10) is dominated by λ RI at low scales. In order to avoid a huge hierarchy between s 0 and the EW scale, the running of λ R has to be sufficiently rapid, implying that λ RI can not be very small. Practically, to obtain s 0 in the range s 0 10 5 GeV, we need λ RI 0.3 if λ R ∼ −10 −3 at the EW scale. The required running from λ R can however be reduced by fine-tuning the starting value of λ R closer to zero.
To remove the global minimum of the SM Higgs potential we need to add a positive term to the beta-function of λ H to keep it from crossing zero. From (9) we see that this can be achieved by the term λ 2 RH + λ 2 IH . Since λ RH is small to avoid large mixing, this term is dominated by λ IH . Thus, to remove the global minimum, we need to set a sizable initial value for λ IH at the EW scale. In practice, λ IH 0.4 is required to keep λ H from running negative.
We want to avoid generating a VEV for the imaginary part s I , which means that λ I must stay positive. Hence we set a small positive initial value for λ I at the EW scale. The beta-function (11) of λ I contains a positive 4 GeV, shown in the inset, generating a VEV at that scale.
contribution from both λ IH and λ RI , which we know from above to have sizable values. Therefore the running of λ I will be quite rapid, and it will eventually run into a Landau pole, as shown in Fig. 3 . In this figure we have chosen the initial values for the parameters at the top mass scale as follows: λ RI = 0.3, λ R = −1.2 × 10 −3 , λ HI = 0.35, λ I = 0.01, λ RH = −10 −4 , λ H = 0.12879 and m t = 173.1 GeV, and used beta functions at first order in the scalar couplings and second order in gauge couplings. As can be seen in the figure, the Higgs self coupling λ H remains positive and therefore the SM global minimum at 10 26 GeV is removed, while λ R becomes negative around s 0 ≈ 10 4 GeV. The position of the Landau pole of the scalar couplings depends on the choice of the initial values of the couplings at the EW scale, but it will always be below the U (1) Y Landau pole of the SM. Thus the perturbative range of our model is somewhat smaller than that of the SM without singlet. This range can, however, be easily made to extend well above the Planck scale, so for all practical purposes it makes little difference if the perturbative range of validity extends all the way up to the U (1) Y pole. Nevertheless, the validity range of the SM is one of the results of our paper. It is needless to stress again that we do not know what happens to the SM above the Landau pole.
In Fig. 4 we plot the scale Λ up to which the theory is perturbatively valid (Landau poles of the scalar quartic couplings), as a function of EW scale value of the coupling λ IH so that λ H > 0 at any scale, for given values of λ RI or λ R : λ RI 0 and λ R 0 (solid black line), λ RI = 0. the Planck scale, but is is always below the SM U (1) Y Landau pole. The reason for this behaviour is our requirement of EWSB via dimensional transmutation that severely constrains phenomenologically allowed parameter space, as described above.
It is possible to push the Landau poles of the model above the U (1) Y Landau pole of the SM, by abandoning the requirement of classical scale invariance. Then we can include tree level mass terms for the Higgs potential and for the singlet fields, and thus there is no need to generate the electroweak scale from dimensional transmutation. Therefore we no longer need to organise the running of the scalar couplings so that λ R crosses zero at s 0 , and thus the requirements for the the values of the different couplings, as presented above, no longer hold. We have then complete freedom to choose the couplings in such a way that the Landau poles are above the SM UV-pole, but this comes with the price of having to put in tree level mass terms by hand. Thus there is no dynamical explanation for the value of the EW scale or the DM mass. Another possibility is that the dynamics of the singlet sector are more complicated, e.g. there is a new gauge interaction that generates the VEV of the singlet dynamically. In this case there is again more freedom to choose the initial values of the scalar couplings, with the price of a less minimal model. Finally, one can alter the input values of the SM parameters used in the analysis, m t in particular, within the experimental uncertainty. If one chooses a smaller value for m t , the Higgs potential becomes more stable and one needs a smaller stabilizing contribution from the singlet sector, and for a larger value of m t one needs to generate a larger effect. Varying the input values will have some effect on the numerical results of our analysis but will not significantly affect the results. We will not consider these possibilities further in this work.
Finally, the initial value of λ H at the EW scale can be regarded as a free parameter in our model. Even though it is a SM parameter, the self coupling of the Higgs boson has not yet been directly measured at the LHC. However, the mass and the VEV of the Higgs field are known with a good precision, and in the SM they are related by
implying that the λ H coupling can be indirectly measured in the SM by means of this relation. In particular, this equation fixes the value of λ H at the EW scale. In our model the Higgs mass is given by equation (18) or (21), depending on the expansion parameter as explained above. Thus the value of λ H deviates from the SM value by
for
Otherwise, the deviation is given by
In general, a large value for this deviation implies large mixing between the Higgs and the CP-even singlet s R . In Fig. 5 we plot δλ H as function of λ RI and λ RH , restricting to mixing below sin θ SH < 0.3. As can be seen from the figure, the deviation is typically very small. Thus, for simplicity, in the rest of the paper we will keep the initial value of λ H at the EW scale fixed to its SM value. This assumption has no significant effects on the results.
V. DARK MATTER A. DM Annihilation Cross Section and Relic Density
We have extended the SM particle content with one complex singlet field S without imposing any additional discrete symmetry by hand. While the real component of S acquires a VEV and triggers EWSB, the imaginary component remains stable because of the CP-invariance of the scalar potential. Therefore the corresponding scalar field will be the DM candidate of our scenario. In the following, we will use the standard notation for a pseudoscalar and denote this field by A. This is the most minimal model providing dynamical EWSB and DM at the same time. Usually the stability of scalar DM is achieved with an additional Z 2 symmetry. An important message from our work is that this symmetry might be interpreted as CP symmetry.
In Fig. 6 we present the corresponding Feynman diagrams for the processes contributing to the DM freezeout. The DM particle A can annihilate into a couple of CP-even scalars (first four diagrams in Fig. 6 ) or into the SM particles (last diagram in Fig. 6 ). It is known that the smallness of the doublet-singlet mixing constrains significantly the latter processes. In fact, the Higgs portal type DM models are already ruled out unless the main annihilation modes occur entirely in the dark sector [79, 80] . This is the case of Dark SUSY [14] and Dark Technicolour [13] models. However the constraints given in [79, 80] are valid for light DM (m A < 200 GeV). Therefore they do not apply in our present model since, as we will show in the following, we predict a relatively heavy DM, m A > 500 GeV. The full cross sections corresponding to those processes are presented in the Appendix.
The relevant leading terms for the DM annihilation cross section times relative velocity are obtained by using the expansion s 4m
where
where m A is the DM mass, m si are the CP-even scalar masses, a ijk the trilinear coupling of s i s j s k which includes also the corresponding combinatorial factor, a iAA the coupling of the s i A 2 interaction, λ ij the coupling of the s i s j A 2 interaction and v rel is the relative DM velocity. In the same way the annihilation cross section into SM particles can derived by the equations given in [81] . For more details see the Appendix.
The Planck Collaboration [11] measured the cold DM relic density to be Ω c h 2 ± σ = 0.1199 ± 0.0027. Since we know from experimental data m h 126 GeV and v 246 GeV, we remain only with three relevant free parameters: λ RH , λ IH and λ RI . In order to make a first relic density estimation we consider two reference values for λ RI = 0.5, 0.02.
Let us start with λ RI = 0.5. We present our results in Fig. 7a in the form of a region plot as function of λ IH and λ RH . The black region corresponds to a relic density in the range Ω c h 2 ± 5σ while the white region is for relic densities out of the previous range. The red region predicts Higgs boson inside the experimental bounds and m s > m h while the blue region predicts still Higgs boson inside the experimental bounds but m s < m h . Finally the green region means that the validity scale of the theory is higher than Planck scale. We can see that there is a wide region of parameters in agreement with present experimental data. However if we want Λ > M Planck , then the region is reduced to two small corners respectively around λ IH 0.38, λ RH −0.0011 (with m s < m h ) and λ IH 0.52 and λ RH −0.00065 (with m s > m h ). In Fig. 8a we give a contour plot for m A for λ RI = 0.5 in the same (λ IH , λ RH ) plane. The black region represents masses beyond 2500 GeV then we decrease by step of 500 GeV till the lightest gray region which represents 500 GeV < m A < 1000 GeV. The blue region represents the allowed region by relic density and Higgs boson mass measurements. The green region stands again for Λ > M Planck . We can see that in the allowed regions, m A 2-2.4 TeV.
Let us consider now λ RI = 0.02. In Fig. 7b we present the relic density region plot as function of λ IH and λ RH . The colour code is the same as in Fig. 7a . We can see that there is a wide region of parameters in agreement with present experimental data, always with m s < m h . In Fig. 8b we give the contour plot for m A for λ RI = 0.02 in the same (λ IH , λ RH ) plane. The color code is the same as in Fig. 8a . We can see that in the allowed regions, m A 0.5-1 TeV.
B. Direct Detection Cross Section
In case of tiny mixing between the doublet and singlet scalars the spin independent DM direct detection cross section is given by
where λ AH = λ IH is the quartic coupling between the CP-odd scalar and the Higgs doublet. In Fig. 9 we plot our results. The shadowed gray regions represent different ranges for λ AH starting with the white region for λ AH > 0.6 and continuing with 0.4 ≤ λ AH ≤ 0.6, 0.2 ≤ λ AH ≤ 0.4 and 0.1 ≤ λ AH ≤ 0.2. The darkest (black) region corresponds to λ AH ≤ 0.1. The red continuous line represents XENON100 bound for 2012 [82] , while the two red dashed lines stand for the XENON1T [83] and LUX/ZEP20 [84] projections. 4 It is evident that the region in agreement with the relic density and Higgs boson measurements is below the present bounds but potentially testable with the future experiments.
VI. INFLATION
As a final remark we would like to point out that the particle content of our model is also sufficient for large field chaotic inflation [85, 86] fine-tuning of the couplings 5 . The CP-even singlet s R can act as the inflaton, if its potential is tuned to obey the slow roll conditions. In practice this means that the quartic coupling λ R has to be extremely small at the Planck scale, of the order of λ R 10 −13 . To achieve 5 Another possibility is to consider non-minimal couplings of the scalars to gravity [87, 88] . The black region represents masses beyond 2500 GeV then we decrease by step of 500 GeV till the lightest gray region which represents 500 GeV < mA < 1000 GeV. The blue region represents the allowed region by relic density and Higgs boson mass measurements. Finally the green region means that the validity scale of the theory is higher than Planck scale.
this, the initial values of the couplings at the EW scale have to be severely fine-tuned. As discussed above, the running of λ R is already constrained because it has to become negative at the scale s 0 to generate a vacuum expectation value and trigger electroweak symmetry breaking. In our discussion above, we have required s 0 to be reasonably close to the EW scale in order to avoid unnatural hierarchy between these scales. However, if we want to interpret s R as the inflaton field, the model will anyway contain huge fine-tuning and, therefore, we can also allow for a large hierarchy between the scale s 0 and the EW scale. It is then possible to tune the scalar couplings in such a way that λ R is negative at the EW scale, crosses zero at s 0 somewhere between the EW scale and the Planck scale, and remains extremely small all the way up to the Planck scale. The chaotic inflation takes place at field values a few times the Planck scale. According to our paradigm the SM is valid in this energy scale and the chaotic inflation cannot be considered unnatural in our framework. The beta-function (10) of λ R contains positive contributions from the couplings λ RH and λ RI . Therefore, to keep λ R extremely small all the way up to the Planck scale, also these couplings have to be very small throughout the whole range from the EW scale to the Planck scale. Fortunately there is a fixed point at λ R = λ RH = λ RI = 0, and thus the couplings will evolve very slowly if we tune the initial values to lie very close to this fixed point. In this limit there will be a large hierarchy between the scales s 0 and Λ EW , set by the smallness of the coupling λ RH , as is apparent from equation (16) , and the mixing between s R and the Higgs will be extremely small, roughly
Also, the inflaton s R will be very light. The lightness and the small mixing with the Higgs will reduce the decay width of s R , potentially making it long lived. However, we have verified that as long as the decay channel to e + e − is kinematically allowed, its lifetime never exceeds one second, making the scenario safe from an astrophysical point of view. For concreteness we will give one benchmark point. We set the initial values of the couplings at the electroweak scale to λ R = −3 × 10 −14 , λ RI = 10 −6 , λ RH = −5 × 10 −9 , λ IH = 0.48, and λ I = 0.01, while λ H is set to the SM value λ H ≈ 0.13. For this set of parameters the inflaton quartic coupling at the Planck scale will be λ R (M Planck ) = 10 −13 , allowing for chaotic inflation, i.e. large field inflation [89] . The inflaton mass at the EW symmetry breaking vacuum is m s ≈ 0.1 GeV and the mixing angle is sin θ SH ∼ 10 −4 , yielding a lifetime of the order of ∼ 10 −3 seconds for s R , when the dominant decay channel is s R → e + e − . The production cross section for s R is ∼ 10 −8 times the corresponding cross section if the SM Higgs boson mass was 0.1 GeV, making it unobservable in collider experiments. The DM mass for the inflation benchmark point is m A ≈ 1.3 TeV, and the relic density is within the experimental bounds. The direct detection cross section is below the XENON100 limit, but within the projected reach of the future experiments, as shown in Fig. 9 .
VII. DISCUSSION AND CONCLUSIONS
We have studied the SM in its full perturbative validity range up to the Landau pole, assuming that the gravity does not significantly affect the SM predictions at energies above the Planck scale. The SM without gravity can be regarded as a consistent quantum field theory all the way between Λ QCD and the UV Landau pole of the U (1) Y gauge coupling. However, when viewed in isolation from any potential new physics, as we have assumed in this work, the SM suffers from a false vacuum problem at the EW scale, which is caused by the negative Higgs quartic coupling at an intermediate energy scale. We have proposed the most minimal extension of the SM by one complex singlet field that solves the wrong vacuum problem, generates EWSB dynamically via dimensional transmutation, provides the correct amount of DM, and is a candidate for the inflaton. Compared to previous such attempts to formulate the new SM, ours has less parameters as well as less new dynamical degrees of freedom.
In this framework the false SM vacuum is avoided due to the modification of the SM Higgs boson quartic coupling RGE by the singlet couplings. The electroweak scale can be generated from a classically scale invariant Lagrangian through dimensional transmutation in the scalar sector, by letting the quartic coupling of the CP-even scalar run negative close to the EW scale. The VEV of this scalar then induces the standard model Higgs VEV through a portal coupling. We studied the perturbative validity range of this model and found that the scalar quartic Landau pole appears below the SM U (1) Y Landau pole. This happens because we demand EWSB to happen via dimensional transmutation. If more than one singlet is added to the model, this constraint can be avoided. Because dimensional transmutation depends only logarithmically on the energy scale, large hierarchies can be accommodated in our model. Thus, obtaining the right EW scale form the high scale Landau pole is technically natural in our framework provided that the couplings have the right numerical values. Needless to say, we do not have any prediction why the fundamental Yukawa and scalar self-couplings must have the needed values. In order for our model to work, some of the scalar couplings at the EW scale have to be as small as 10
to provide the correct EW scale. We here simply remind the reader that couplings of this order are already present in the SM in the form of Yukawa couplings. Anthropic selection might be a possibility to explain the smallness of those couplings, if a suitable measure on the space of couplings can be defined. For a recent discussion of finetuning in a similar model framework we refer the reader to [42] .
The model also naturally provides a DM candidate in the form of the CP-odd scalar that is stable due to the CP-invariance of the scalar potential. We demonstrated that this model allows the DM particle to be produced with the correct relic density while fulfilling all experimental constraints on Higgs boson and DM phenomenology. Detecting the DM directly at colliders is very challenging due to the small mixing between the Higgs doublet and the singlet. However, this framework is potentially testable in the planned DM direct detection experiments.
We also demonstrated that inflation can be accommodated in this model without introducing additional degrees of freedom. In this case the scalar couplings must be very finely tuned. Our framework does not differ from generic large scale inflation models in that respect.
Our SM model extension does not provide a complete solution to the known open questions in particle physics. Obviously, there is no model of gravity in our framework that could support our initial assumptions and explain the observed cosmological constant value. We simply assume that the presently unknown UV theory of gravity does not spoil our assumptions. Recent theoretical developments may support this view on gravity. The baryon asymmetry of the universe also requires additional dynamics, which we do not discuss. Leptogenesis remains the favourite candidate mechanism and can easily be incorporated in our framework together with neutrino masses. In the context of particle physics, the strong CP problem remains unexplained, and likely requires additional degrees of freedom to be added to this minimal model. Clearly our results and conclusions remain valid under the assumption that these new degrees of freedom somehow decouple from the relevant degrees of freedoms that contribute to our scalar sector.
Finally we want to remark that even if the Planck scale is indeed a physical cutoff for the validity of the Standard Model, our conclusions remain mostly valid. The extra scalars would still avert the metastability problem of the EW vacuum, and the low energy phenomenology of the model, including the dynamical generation of the EW scale and the DM model, remains intact. If our framework turns out to be the right approach for extending the validity of the SM above the Planck scale, there are concrete predictions of our model that could be tested by future DM and collider experiments.
